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ABSTRACT 

The principal obstacle to quantum information processing with many qubits is decoherence. One source of 
decoherence is spontaneous emission which causes loss of energy and information. Inability to control system 
parameters with high precision is another possible source of error. Strategies aimed at overcoming one kind of 
error typically increase sensitivity to others. As a solution we propose quantum computing with dissipation- 

\Q assisted quantum gates. These can be run relatively fast while achieving fidelities close to one. The success rate 

04 . of each gate operation can, at least in principle, be arbitrary close to one. 
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1. INTRODUCTION 



Quantum computing is a paradigm in which quantum entanglement and interference are exploited for information 
processing. Quantum algorithms have been exhibited which are exponentially better than the best known classical 
solutions. 1-3 Elements of quantum computing have been demonstrated experimentally using nuclear magnetic 
resonance, trapped atoms and ions, superconductivity and non-linear optical technologies. However building 
systems with many coupled qubits remains a huge challenge. Many demands must be met: reliable qubit storage, 
O ^ preparation and measurement, gate operations with high fidelity and low failure rate, scalability, practical time 
, 1 1 :: scales and accurate transportation or teleportation of states. The biggest problem is posed by decoherence which 
£h ' tends to destroy the desirable quantum behaviour. 

In this paper we review ways to overcome the problem of decoherence in quantum information processing 
with many qubits. As an example we consider cold atoms trapped in an optical cavity as shown in Figure 1. 
They provide a promising technology for quantum computing as well as an ideal model for theoretical studies. 
• i-h , Problems that must be overcome are common to other implementations. The quantum optics of atoms in 
cavities is well established. Each qubit is obtained from two different atomic ground states of one atom. To 
implement a two qubit gate, the two corresponding atoms are moved inside the optical resonator where both sec 
the same coupling constant. The key sources of decoherence are dissipation of cavity excitation with a rate k 
and spontaneous decay from excited atomic levels with decay rate T. 

In recent years many schemes have been proposed for entangled state preparation 5-8 and two qubit gates 9-15 
for atoms in optical cavities. Since it is difficult to construct a system of high quality optical cavities proximity to 
the so called bad- cavity limit, where the atom-cavity coupling constant g is about the same size as the spontaneous 
decay rates, 

s~r~ K , (i) 

provides a fundamental basis for comparison of schemes. Several other criteria may be identified for practicality 
and scalability. A scheme should be simple and relatively insensitive to the precise values of the system pa- 
rameters. Operations must be reliable with a fidelity close to one while the success rate of an operation can be 
significantly less than one as long as errors are detected and the scheme is repeated as necessary. 
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Figure 1. Schematic view of an atom-cavity system. Two atoms are moved into the resonator where a two qubit gate is 
performed by simultaneous application of laser fields. The coupling of each atom to the cavity mode is g while T and k 
are spontaneous decay rates from the atoms and the cavity, respectively. 



Several schemes try to solve the dissipation problem by avoiding the population of excited states with the 
help of strong detunings 10, 13, 15 or an environment-induced quantum Zeno effect. 6, 9 ' 11 Other schemes work 
only with a success rate well below 50 %. 5, A problem shared by many of these schemes is that their operation 
time is much longer than the inverse atom-cavity coupling constant. Thus, while the probability for one type of 
dissipation is made very small, the probability for failure due to the other type increases significantly. For this 
reason, the quantum computing scheme proposed by Pellizzari et al. le in 1995 is still one of the best as regards 
dissipation. Demanding a certain minimum fidelity of the prepared state, it requires the smallest ratio between 
g 1 and kT. 

Intuition suggests that decoherence is always damaging for quantum computation. On the contrary, we show 
here that dissipation can be exploited to achieve coherent control of open quantum systems with high fidelity and 
success rate. To do so we review the idea of quantum computing using dissipation 9, n ' 17 and compare a quantum 
computing scheme based on this idea with a scheme based on dissipation-assisted adiabatic passages. It is shown 
that dissipation can stabilise the time evolution of an open quantum system. Under special circumstances, 
dissipation can speed up gate operations that can only be performed much slower in the absence of spontaneous 
decay rates. For other schemes based on dissipation-assisted adiabatic passages see References. 8, 12, 18 

As concretes example we consider schemes for the realisation of a CNOT gate, a controlled PHASE and 
a two qubit SWAP gate which can be executed in one step by applying laser fields. The schemes are widely 
independent from the value of the atom-cavity coupling constant g. While being simpler and less sensitive to 
parameter fluctuations, the proposed quantum computing scheme is comparable with other schemes 12, 16 with 
respect to the amount of dissipation that can be allowed. 

2. NON-HERMITIAN HAMILTONIANS AND NO-PHOTON TIME EVOLUTION 

In this section a theoretical model for describing the time evolution of open quantum systems under the condition 
of no dissipation is introduced. The type of dissipation we consider here results from the loss of energy due to 
spontaneous photon emission and we give a short review of the quantum jump method 19 which is equivalent to 
the Monte Carlo wave-function 20 and the quantum trajectory 21 approaches. 22 

2.1. The quantum jump approach 

Stretching back three decades, several quantum optical experiments have been performed studying the statistics 
of photons emitted by one or two laser-driven trapped atoms or ions and effects have been found that would 
be averaged out in the statistics of photons emitted by a whole ensemble. One example is electron shelving, 23 
the occurance of macroscopic light and dark periods in the resonance fluorescence of a laser-driven atom with 
a metastable state. Another is the two-atom double-slit experiment by Eichmann et al. which demonstrated 
that the photons emitted by two atoms at a fixed distance can create an interference pattern on a distant screen. 
These experiments suggest that the effect of the environment on the state of the atoms is the same as the effect 
of rapidly repeated measurements of whether a photon has been emitted or not. 25,26 From this assumption the 
quantum jump approach has been derived. 19 

Assume that a measurement is performed on a quantum optical system surrounded by a free radiation field 
initially in its vaccum state |0 p h) and prepared in \if>) determining after a time At whether or not a photon has 
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been created. If H is the Hamiltonian including the interaction of the system with its environment, the state of 
the system equals 

|o ph )(y cond (At,oM = |o ph )(Op h |[/(At,o)|o ph )|v>> (2) 

under the condition that the free radiation field is still in the vacuum state. For quantum optical experiments, 
it has been shown that the dynamics under the conditional time evolution operator J7 con d(At, 0), defined by the 
right hand side of Equation (2), can be summarised by a Hamiltonian H con ^ that is largely independent of the 
choice of At. The conditional Hamiltonian -ff C ond is non-Hermitian and the norm of a state vector developing 
with i/cond decreases in general in time such that 

PoM) = ||^co„d(t,0)|^)!| 2 (3) 
equals the probability for no photon emission in (0,t). 
2.2. Dissipation-assisted quantum computation 

The time evolution of a quantum system under the condition of no photon emission is coherent. It can be 
described using the Schrodinger equation with the conditional Hamiltonian -ff con d- Quantum computing using 
dissipation 9, 11 or dissipation-assisted quantum computation 12, 18 aims to exploit the conditional time evolution to 
implement better gate operations. Whenever a photon emission occurs the computation fails and the experiment 
has to be repeated. Nevertheless, quantum gates can be implemented with fidelities F very close to unity and 
success rates Po well above 90%. 

The time evolution of a system with decay rates can differ significantly from the time evolution of a system 
with no decay rates, even if no actual photon emission takes place. This can be explained by the fact that 
observation of no photons leads to a continuous gain of information about the state of the system. The longer no 
photons arc emitted the more unlikely it is that the system has population in excited states that might cause an 
emission. In the formalism this is taken into account by the non-Hermitian terms in the conditional Hamiltonian. 
They continuously damp away amplitudes of unstable states. 27,28 

For dissipation-assisted quantum computation to work and to minimise the probability of gate failure, only 
decoherence-free states 29-32 should be populated. These are states whose population does not lead to a photon 
emission. A state \ip) is decoherence-free if 

P {t^) = l (4) 

for all times t. 6 Hence, the decoherence-free subspace of a system is spanned by the eigenvectors of the conditional 
Hamiltonian H con d with real eigenvalues. 

Sections 3 and 4 give concrete examples of mechanisms which restrict the time evolution of two atoms inside 
an optical resonator to a subspace decoherence-free with respect to leakage of photons through the cavity mirrors. 
In general it is not possible to find a subspace that is decoherence-free with respect to all error sources at the 
same time. The best that can be done is to suppress one type of dissipation and to operate the scheme in a 
parameter regime minimising the total error rate. The key strength of quantum gates based on the no-photon 
time evolution of a system is that the fidelity of the finally prepared state can be very close to one. This is the 
case if unwanted states are non decoherence-free and the non-Hermitian terms in the conditional Hamiltonian 
continuously decrease their amplitudes. 

The trade off for high fidelities is usually an increase of the probability for failure of the proposed scheme due 
to dissipation. However, the non-Hermitian terms in H con d also inhibit transitions to unwanted states. In this 
way, they stabilise the desired time evolution of the system. For a wide range of parameters, this probability for 
no photon emission and gate success rate Po(t, ip) can be shown to be well above 50 %. 

Let us now estimate the probability of finding the result of a whole computation assuming that each gate 
can be performed with maximum fidelity but only with a finite success rate. The probability of implementing 
an algorithm of N gates faultlessly is P^ and grows exponentially with N. On the other hand, if one always 
knows whether or not an algorithm has failed, the computation can be repeated until a result is obtained. The 
probability of not having a result after M runs equals 

Pno result = ( 1 — Pf^ ) ■ (5) 
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Figure 2. Level scheme of the two atoms inside the resonator. Each qubit is obtained from a pair of ground states |0) 
and |1) of one atom. To implement gate operations, laser fields with Rabi frequencies Qj can be applied exciting the j-2 
transition of atom i. 

For large N this is approximately e _c where M = cP^ N and many repetitions might be necessary to implement 
a computation. However, for smaller N and Pq sufficiently close to one, the failure probability is already nearly 
negligible for M « N. For example, if Pq — 95 % and an algorithm with N = 50 gates is performed, then 
repeating the computation 50 times yields a success rate above 98%. 

2.3. Example: Two three-level atoms inside an optical cavity 

As an example for quantum computing using dissipation and dissipation-assisted quantum computation this paper 
discusses two implementations of universal two qubit quantum gates with atoms in optical cavities (see Sections 
3.2, 4.2 and 4.3). The two atoms involved in the gate operation should be trapped inside an optical cavity, as 
shown in Figure 1, which couples resonantly to the 1-2 transition of each atom. This can be achieved with the 
help of a linear ion trap as in the experiment by Guthorlein et al. 33 or by using a cavity mounted on an atomic 
chip as described in Reference. 34 Each qubit is obtained from the ground states |0) and |1) of the same atom 
and laser pulses are applied simultaneously to manipulate the state of the atoms. The atomic level configurations 
and laser driven transitions are shown in Figure 2. 

The Hamiltonian of this system in the Schrodinger picture has components 

H H&tom "T" -^lascr ~T" -^cavity "T" -^atom— cavity ~t~ -^cavity— cnv ~t~ -^atom— cnv ■ (6) 

Proceeding as in Reference 5 and assuming that the environment continuously monitors whether photons leak 
out of the cavity or from excited atomic states, the conditional Hamiltonian for the two atoms inside the cavity 
can be derived. Let us denote the Rabi frequency of the laser interacting with the j-2 transition of atom i 

(i) + 

as Qj while b and w are the annihilation and creation operators for a single photon inside the cavity mode. 
Then the conditional Hamiltonian in the interaction picture with respect to the interaction free Hamiltonian 

-^atom ~t~ -^cavity IS 

2 2 1 

i?cond = i%^& t |l) J (2| + ^^i^ ) |j) ll (2|+h.c.- ±Mtfb- inr^|2) ri (2| . (7) 

i—1 i—1 j—0 i 

The last two contributions to this equation are the non-Hcrmitian terms. 

From Equation (7) one can now easily calculate the decoherence-free states of the atoms inside the optical 
cavity with respect to leakage of photons through the cavity mirrors. They include all superpositions of the 
atomic ground states, i.e. the qubits states of the system and also the maximally entangled atomic state 

|a) = ^(|12)-|21)) (8) 

while the cavity is in its vacuum state |0) ca v Prepared in the state |0) cav |a) = |0;a) the atoms do not interact 
with the cavity mode (i? a tom-cavity |a; 0) = 0) and therefore cannot transfer their excitation into the resonator. 
Thus no photon can leak out through the cavity mirrrors. One can easily prove that the decoherence-free states 
of the system are indeed the eigenstates of the conditional Hamiltonian with real eigenvalues and for T = 0. 
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3. QUANTUM COMPUTING USING DISSIPATION 

In this section we look in detail at how a quantum Zeno effect arising from interaction with the environment can 
be exploited for quantum computing. Theoretical schemes for two qubit gates with dissipation and spontaneous 
decay can achieve several desirable properties simultaneously: near perfect fidelity, a success rate close to one 
and insensitivity to the precise values of system parameters which are hard to control in experiments. As an 
example we describe a scheme for a CNOT gate 9 ' 11 implemented using two atoms trapped in an optical cavity. 
A particular strength of this scheme is that it can be implemented in one step. 

3.1. The basic idea 

Suppose that all non decoherence-free states of a system couple strongly to the environment and that populating 
them typically leads to a photon emission within At. The time At is greater than a certain minimal size which 
can be determined from the quantum jump approach with the help of the conditional time evolution operator 
J7 CO nd(At, 0). Note that the eigenvectors of i? C ond are in general non-orthogonal. Using the reciprocal basis 
{|A fc )} with (X k \Xj) — Sjk, the operator i? con d can be written as 

#cond = A fc | A fc ) (A fc I . (9) 
k 

Provided that eigenvalues A& of i? CO nd satisfy 

e -ix k At/h = q for all k with ImAfe ^ o , (10) 

the conditional time evolution operator becomes 

C/ C ond(At,0) = J2 c- iA - At / n |A,)(A 2 | . (11) 

j:|Ai)£DFS 

This operator projects onto the decoherence-free subspace and one can interpret the action of the free radiation 
field over a time At as a measurement whether the system is decoherence-free or not. Within At, the population 
of purely non decoherence-free states causes an emission with certainty. The probability for no photon emission 
in At is exactly the probability to be in a decoherence-free state. 

A weak interaction acting over a time scale much longer than At can realise a coherent time evolution inside 
the decoherence-free subspace. This can be interpreted as a quantum Zeno effect. 25 ' 35 In At the weak interaction 
can create at worst a population proportional to At outside the decoherence-free subspace where it would be 
registered with probability At 2 over the next interval. Therefore the probability of always finding the population 
in the decoherence-free subspace, T/ At times over the gate operation time T, tends to one in the limit of weak 
measurement. All transitions out of the decoherence-free subspace are strongly inhibited. 

The time evolution within the dccohcrcnce-frce subspace is not inhibited and can be summarised with the 
help of the effective Hamiltonian 6 

H e S = JPDFS -Hcond ftlFS , (12) 

where H con( i includes amongst its terms an interaction realising a gate operation and 

i:|Ai)eDFS 

is the projection onto the decoherence-free subspace. 

The basic idea of quantum computing using dissipation is to utilise the effective time evolution (12) for the 
implementation of gate operations. The decoherence-free space typically contains in addition to all the ground 
states, states which are highly entangled. By populating these entanglement between qubits can be created 
even if the interaction Hamiltonian is not an entangling one. In this way it is much easier to make quantum 
information processors in the laboratory. 
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Figure 3. Success rate P (T,ip) and fidelity F(T,ip) for a CNOT gate with k = 1; V = 0.0001 g (a), T = 0.001 g (b) 
and T = 0.005 g (c); and initial qubit state |10). For all other qubit states, the success rate and fidelity are higher and 
are actually one for the initial qubit state |01). The circles mark positions where the no-photon probability is maximal 
and the corresponding worst fidelity. A short transition time at the end of each gate has been assumed during which the 
amplitudes of states with the damping rates k and Y disappear. 



Deviations from the effective time evolution occur if the applied interaction is not weak enough and a small 
population exists outside of the decoherence-free subspace during the no-photon time evolution. During such 
an evolution a photon emission might take place. We denote the corrections to the desired time evolution by 
-C/ corr (T,0). Then, 

U cond {T, 0) = U eS (T, 0) - U COII {T, 0) . (14) 
From (3) the gate success rate Po(T,ip) equals 

P (T^j) = 1 -2Rc(^|C/ cff (r,0)C/ corr (r,0)|V') . (15) 

Initially prepared in a decoherence-free state, the fidelity of gate operations under the condition of no photon 
emission is given by 

*V>*>- P (T,V) ' { j 

Using Eq. (15), it can be shown that the fidelity F equals one in first order U COTI (T, 0) even if the gate success 
rate Pq(T,tJj) differs from one. In conclusion, the quantum Zeno effect can be used to implement quantum gates 
with a high precision. 

3.2. Example: CNOT gate 

If the time evolution of the system is as predicted in the previous subsection then the population is restricted to 
the decoherence-free subspace and the time evolution of the atoms is given to a very good approximation by the 
effective Hamiltonian (12). For the setup described in Section 2.3 this equals 

H eS = ^-h[ - 0« |01)<o| + ^ 2) |10)<o| + (f4 2) - Q«) |ll)(a|] +h.c. (17) 

and is achieved by working in the regime <C g 2 / 'k and k. 9 ' 11 A number of two qubit quantum gates can 
be realised with this Hamiltonian. By populating \a) one can entangle the two atoms. Hence gates such as the 
universal two qubit CNOT and PHASE are possible. The gate operation time T needs to be chosen such that 
at the end of each operation again only qubit states are populated. 

As an example we now discuss the realisation of a CNOT gate with the help of a single laser pulse. If atom 
1 contains the target bit and atom 2 provides the control bit, then the CNOT gate is given by the unitary 

C/cnot - |00)(00| + |01)(01| + |10)(11| + |11)(10| . (18) 
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This is most easily achieved with one laser field coupling to the 1-2 transition of atom 1 with Rabi frequency 
Q, = 0^. Another laser field should couple with the same Rabi frequency to the 0-2 transition of atom 2. This 
corresponds to the effective Hamiltonian 

H eB = -£-m[\10)(a\-\U)(a\] + h.c. (19) 

The required laser pulse duration is T = 2ir/fl with a small correction to allow the population remaining on level 
\0a) at the end of the gate to damp away. 

The numerical results presented in Figure 3 bear out the theory. Since gates working in the quantum Zeno 
effect regime are intrinisically slow they are vulnerable to spontaneous decay. Hence the constraint r <C fi must 
also be satisfied and T has to be below 0.005 g. On the other hand they allow the cavity decay rate k to be of 
about the same size as the coupling constant g. Optimising f2, the no-photon probability can be as high as 79 % 
if g 2 = 200 kT, as high as 89% if g 2 = IOOOkT and above 96% for g 2 > IOOOOkR The main disadvantage of 
quantum computing schemes based on an environment-induced quantum Zeno effect is that they are very slow. 
This makes them more susceptible to errors such as dephasing. 

4. DISSIPATION-ASSISTED QUANTUM GATES 

The main advantage of the quantum computing scheme discussed in Section 3 is that a great variety of gates 
can be realised by choosing the Rabi frequencies appropriately. In this section we show that this flexibility 
can be exchanged for a decrease of the gate operation time by about two orders of magnitude. In the following 
fixed laser configurations are chosen and a simple scheme for the implementation of the two qubit PHASE and 
SWAP gates are presented. 

4.1. The basic idea 

Dissipation plays the key role in quantum computing schemes based on an environment-induced quantum Zeno 
effect. As explained in Sections 2 and 3, it continuously inhibits the transitions into non decoherence-free states 
by damping away the amplitudes of states that can decohere. However, we have found that for some particular 
Rabi frequencies, schemes that work in the Quantum Zeno effect regime also work in the absence of dissipation 
(« = 0). 

These schemes work for completely different reasons to those described in Section 3. For small Rabi frequencies 
the key role is now played by adiabaticity arising from two time scales. These different time scales are 

provided by the atom-cavity constant g being a few orders of magnitude larger than the Rabi frequencies 0,^ of 
the applied laser fields. In the absence of spontaneous decay rates, amplitudes of states undergoing a fast time 
evolution adapt immediately to the amplitudes of the slowly varying states and follow their time evolution. This 
can be shown by solving the time evolution with the help of an adiabatic elimination (see subsection 4.2) and 
results in the same effective Hamiltonian as given by Equation (17). 

In the quantum Zeno parameter regime, these gates work with the same fidelities F and success rates Pq . This 
is because gates based on both effects can be analysed using an adiabatic elimination of fast varying coefficients. 
While it is not possible to operate schemes as the CNOT gate outside the adiabatic regime, these others can be 
performed much faster with Rabi frequencies of about the same size as g. The prepared state has a very 
high overlap with the state predicted by the effective time evolution (17) and fidelities above 99% arc achieved 
easily. For a wide range of parameters, the gate success rates are well above 50 %. 

The role of dissipation in these schemes is to stabilise the adiabatic time evolution by damping away pop- 
ulation that accumulates due to non-adiabaticity in unwanted states. Dissipation acts like an error detection 
measurement, especially when a short transition time is allowed for the amplitudes of non-decoherence-free states 
to damp away. Since the time evolution of the system is as expected for an adiabatic process, it can be called a 
dissipation- assited adiabatic passage. For other examples of dissipation-assisted quantum gates with cold trapped 
ions or for atoms in optical cavities see References. 12, 18 
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Figure 4. Level configuration showing all transitions involved in the implementation of a PHASE gate with a single laser 
pulse. 



4.2. Example: PHASE gate 

An example for a universal two qubit gate based on a dissipation-assited adiabatic passage is the PHASE gate 
which changes the state |1) of the second atom into — 11) provided that the first atom is in |0). This gate can 
be implemented with a single laser pulse by choosing SIq 1 -* = Q and = = fi^ = 0. In contrast to the 
previous section, let us now assume that the spontaneous decay rates are zero (k = T = 0). The Hamiltonian of 
the laser-driven atoms inside the cavity equals 

2 

H = ^^6+11^(21 + |ftn|0)u<2| + h.c. (20) 

i=i 

in the interaction picture. In the following we derive the effective time evolution of the system under the condition 
that < g. 

We denote by \n;x) a state with n cavity photons and the atoms in \x). The state \x) can be a state \ij) 
= 0, 1, 2) or one of the maximally entangled states \a) and 

| S ) = -^(|12) + |21)) . (21) 

Starting from a qubit state, the only states that are involved during a gate operation are |0; 00), |0; 01), |0; 10), 
|0; 11), |0; 20), |0; a), |0; s), |1; 10) and |1; 11) (see Figure 4). The slowly varying amplitudes are the coefficients 
of the qubit states and auxiliary state |0; a). Proceeding as in Reference 9 and setting the derivatives of all other 
coefficients equal to zero gives a solution for the effective time evolution of the system including first order 
corrections in £l/g. To a good approximation the amplitudes c n - x of the fast varying states equal 

co;20 = c 0;s = , ci ; io = -iO/(2g) c 0;0 o and c U u = -ift/(4g) c 0;0 i (22) 

while the time evolution of the decoherence-free and slowly-varying states is given by the differential equations 

co ; io = c 0; ii = , c 0; oi = ^i^co ;a and c 0;a = ^75 i^c 0; oi • (23) 

A comparison with equation (17) shows that the time evolution of the system can effectively be summarised by 
the Hamiltonian H D s, as expected. The effective Hamiltonian (17) becomes in this case 

H cS = - 5 J-«2|01)<a|+h.& (24) 

and the operation time T should equal 2v27r/f2. The laser pulse then transfers excitation in 1 01} into the bus 
state I a) and back — a process during which the state vector accumulates a minus sign. 

The condition for adiabaticity of the time evolution of the system is fi -C g and the maximum gate operation 
time that can be achieved using adiabatic passages are about the same as for gates based on the quantum Zeno 
effect. One advantage of the PHASE gate is that it can be operated in a regime where ft is about the same 
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Figure 5. Success rate Po(T,rp) of a single PHASE gate for the parameters k = T = 0.01 g (a), k = V = 0.02 g (b) and 
k = r = 0.04 p (c) and for the initial qubit states 1 00) and |01). The circles mark positions where Po is the same for both 
initial states and coincides with the minimum no-photon emission probability of the scheme for the given decay rates. For 
the qubit states 1 10) and |11) the no-photon probability equals exactly one. Allowing for a transition time where states 
with the decay rates k and T can decay, the fidelity of the finally obtained state does not differ from unity. 

size as g where a small cavity leakage rate is taken into account. Figure 5 shows the results from a numerical 
integration of the conditional time evolution (7). At the end of each gate operation, a short transition time 
allows the amplitudes of non decoherence-free states to damp away. For the parameters in Figure 5, the fidelity 
F does not differ from one. Optimising Ct, the no-photon probability can be as high as 78 % if g 2 = 625 kT, while 
Po > 88% requires g 2 > 2500 kT and for P > 93 % one should have g 2 > 10000 kT. The combined amount of 
dissipation allowed in the system is about the same as in subsection 3.2. 

The presence of the spontaneous decay rate k does not affect the adiabatic time evolution and the system 
behaves as predicted in (22) and (23) as long as the Rabi frequency f2 is small. As the Rabi frequency increases, 
the condition for adiabaticity no longer applies and population accumulates in the states |0;20), |0;s), 1 1; 11) 
and 1 1 ; 10) . A non-zero spontaneous decay works together with the atom-cavity coupling to damp away these 
amplitudes ensuring that the operation fidelity remains close to one. However, the cost of speeding up the gate 
operation is a lowered success rate. If the spontaneous decay rate is too large the success probability reduces 
drastically and the scheme is no longer useful. 

For the realisation of the CNOT gate dissipation is crucial since it restricts the time evolution of the system 
to the decoherence-free subspace. A level configuration, similar to the one shown in Figure 4, reveals that there 
are many more states involved in the no-photon time evolution of the system, including states with more than 
one cavity excitation. If the spontaneous decay rate k equals zero, population is transferred into these states 
with a rate proportional to fl, even for small Rabi frequencies, and the fidelity of the gate operation differs 
significantly from one. In an adiabatic elimination on the basis of g S> ft this is reflected by the fact that the 
decoherence-free states are no longer the only slowly varying states of the system. 

4.3. Example: SWAP gate 

Another quantum gate that can be implemented by dissipation-assisted adiabatic passage is the SWAP gate. 
It transforms the state 1 01) into 1 10) and vice versa but leaves the qubit states |00) and |11) unchanged. To 
implement this gate one should choose = = and fi^ = = and individual laser addressing of 
the atoms is not required. The effective Hamiltonian (17) becomes in this case 

H cS = 5 J-ftfi[-|01}<a| + |10)<a|]+h.c. (25) 

and T should equal 2tv/Q,. Unlike the CNOT and PHASE gate, the SWAP operation is not universal. Never- 
theless, this gate can be very useful since it exchanges the states of two qubits without that the corresponding 
atoms have to swap places physically. 
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Figure 6. Success rate Po(T, ip) of a single SWAP gate for the same parameters as in Figure 5. For the qubit state 1 11) 
the no-photon probability equals exactly one while Po(T, 01) = Po(T, 10). Allowing for a transition time where states 
with the decay rates n and V can decay, the fidelity of the finally obtained for the positions marked by circles is above 
99%. 

Figure 6 presents the results of a numerical integration of the time evolution of a SWAP gate and shows 
that the success rate and fidelity are comparable to those in subsection 4.2. A look at the level scheme for the 
SWAP operation reveals that the levels and transitions involved in the time evolution are similar to those of the 
PHASE gate in Figure 4. Spontaneous emission from the atoms affects the no-photon probability less than for 
the PHASE gate since the gate operation time T is a factor \pl shorter. On the other hand, more population is 
transferred into the cavity mode since the lasers are applied to the 0-2 transition of both atoms. 

5. CONCLUSIONS 

This paper discusses how dissipation can be used to help implement gates with fidelities close to one in quantum 
computing. The focus is on atoms trapped in an optical cavity but the conclusions can be viewed more generally. 
Section 2 details the governing coherent no-photon conditional time evolution described by a non-Hermitian 
Hamiltonian and derived from the quantum jump approach. A scheme from which many gates may be derived 
with two A configuration atoms and four lasers is given as an example. 

Section 3 details how dissipation in the form of a quantum Zcno effect can be used to realise quantum 
information processing with high fidelities and success rates and opens the door to a realm of new possibilities 
for implementing different kinds of quantum gate operations. The quantum Zcno effect is understood as rapidly 
repeated measurements of whether the population is in decoherence-free states or not. This restricts the time 
evolution to a decoherence-free subspace as long as laser fields are applied which are sufficiently weak. An 
advantage of quantum computing using dissipation is that the schemes are relatively simple to realise and the 
effective time evolution of the system does not depend on the exact value of the hard to control atom-cavity 
coupling constants as long as they are the same for both atoms. 

While quantum Zcno gates are inherently slow, we found that for specific choices of Rabi frequency, dissipation 
is not crucial, and the corresponding gates work as well in the absence of spontaneous decay rates. In the quantum 
Zeno parameter regime they work with about the same fidelities and success rates. However, these gates function 
in this regime because of adiabaticity arising from the different time scales set by the laser Rabi frequencies and 
atom-cavity coupling. They can then be operated outside the adiabatic regime with significantly shorter operation 
times along with less sensitivity to dephasing and other error sources. Since dissipation ensures fidelities close 
to one for a wide range of Rabi frequencies while the time evolution remains as predicted by adiabaticity, the 
process can be called a dissipation-assisted adiabatic passage. 

The concrete examples considered in the paper - the two qubit PHASE, SWAP and CNOT gates - have 
many advantages. They are relatively simple and can be implemented in one step by applying laser fields. The 
demands on the cavity quality are modest. For example g 2 > 200 kT is sufficient to assure success rates around 
80 % while for g 2 > 1 000 kT the success rate can be as high as 90 %. 
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